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Abstract 
In  order  to  elucidate  the  relationship
between  androgens  and  the  function  of  the
muskrat (Ondatra zibethicus) scented glands
during the breeding season, we investigated
immunolocalization of steroidogenic enzymes
P450scc, 3βHSD and P450c17 in the muskrat
testes and scented glands. Nine adult muskrats
were obtained in March (n=3), May (n=3) and
July (n=3) 2010. Steroidogenic enzymes were
immunolocalized  using  polyclonal  antisera
raised against bovine adrenal P450scc, human
placental  3βHSD  and  porcine  testicular
P450c17. Histologically, all types of spermato-
genic cells including mature-phase spermato-
zoa in seminiferous tubules were observed in
all  testes.  Glandular  cells,  interstitial  cells,
epithelial  cells  and  excretory  tubules  were
identified in scented glands during the breed-
ing season. P450scc, 3βHSD and P450c17 were
only identified in Leydig cells during the breed-
ing  season;  P450scc  and  P450c17  were
observed in glandular cells of scented glands,
however,  3βHSD  was  not  found  in  scented
glands  during  the  breeding  season.  These
novel findings provide the first evidence show-
ing that scented glands of the muskrats are
capable of locally synthesizing androgens and
androgens acting via an endocrine, autocrine
or paracrine manner may play an important
role  in  scented  gland  function  during  the
breeding season. 
Introduction
Sex  steroid  hormones  regulate  diverse
reproductive physiological processes of target
tissues and are secreted mainly by the ovary,
testis, placenta and adrenal cortex. Two major
families of enzymes are responsible for steroid
biosynthesis.  The  first  are  the  hydroxylase
enzymes, encoded by genes belonging to the
cytochrome P450 superfamily. The second fam-
ily,  the  steroid  dehydrogenase  enzymes,
belongs  to  one  of  two  distinct  groups,  the
short-chain  alcohol  dehydrogenase/reductase
family or the aldo-keto reductase superfamily.1
Cholesterol  side-chain  cleavage  cytochrome
P450 (P450scc), located on the matrix side of
inner mitochondrial membranes, catalyzes the
conversion  of  substrate  cholesterol  to  preg-
nenolone, a common precursor of all steroid
hormones.2Utilization of this universal steroid
substrate is dictated by two enzymes. Thus, the
absolute  and  relative  levels  of  3β-hydroxy  -
steroid  dehydrogenase  (3βHSD)  and  17α-
hydroxylase cytochrome P450 (P450c17) direct
subsequent  steroidogenesis,  therefore,  these
two enzymes occupy a pivotal position in the
pathways  leading  to  androgen  and  proges-
terone synthesis.3
In mammalian testes, P450scc converts cho-
lesterol to pregnenolone and is located in the
inner mitochondrial membrane of the Leydig
cell;  the  other  biosynthetic  enzymes  3βHSD
and P450c17 are situated in the endoplasmic
reticulum. Androgens are synthesized in the
endoplasmic  reticulum  of  Leydig  cells  and
3βHSD is the key enzyme in the regulation of
the production of testosterone.4-8 By contrast,
there is the assertion that P450c17 is the pre-
dominant  regulator  of  testosterone  produc-
tion.9-11 Thus,  studies  on  the  regulation  of
androgen synthesis in Leydig cells remain con-
troversial.  The  functional  significance  of
gonadal  derived  sex  steroid  hormones  has
been extensively studied; however, it is only
recently that the importance of local extrago-
nadal  derived  sex  steroid  hormones  in  cell
physiology and pathophysiology is beginning
to be appreciated in tissues such as brain, adi-
pose  tissue,  breast,  skin,  bone  and  adrenal
gland.12-14 Local metobolic pathways for testos-
terone and estrogen have recetly been report-
ed in the skeletal muscle cell, implying that
skeletal  muscle  is  potentially  an  important
extragonadal  source  of  sex  steroid  hor-
mone.15,16
The muskrat (Ondatra zibethicus) is a medi-
um sized, semiaquatic rodent living through-
out Canada and the United States and in some
parts of northern Mexico. The muskrat gets its
name from the two scented glands near its tail
that give off a musky odor.17 The muskrat is a
seasonal breeder with sexually active period of
approximately  8  months  from  March  to
October. During the breeding period, the male
muskrat  is  sexually  active  and  produces
mature spermatozoa. Additionally, their scent-
ed glands secret perfume substances that are
used as expensive traditional Chinese medi-
cines.18 In  our  previous  studies,  androgen
receptor  (AR),  P450arom,  estrogen  receptor
alpha (ERα) and estrogen receptor beta (ERβ)
were  present  in  scented  gland  tissue  of
muskrats during the breeding season, which
suggested the scented glands were the target
organ  for  androgens,  estrogens  locally  pro-
duced  by  P450arom  could  enhance  scented
gland  function  through  autocrine/paracrine
mechanism.19 To date, it is unclear if andro-
gens acting on the scented glands are locally
produced  by  steroidogenic  enzymes.  To  help
clarify  this,  we  hypothesized  that  steroido-
genic enzymes, especially P450scc, 3βHSD and
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P450c17, were present in the scented glands
and  locally  synthesized  androgen.  Thus,  the
purpose  of  this  study  is  to  investigate
immunolocalization  of  P450scc,  3βHSD  and
P450c17 in the scented glands and testicular
tissues, and to further elucidate the relation-
ship  between  androgens  and  scented  gland
function in the muskrats.
Materials and Methods
Animals
Nine male adult muskrats were obtained in
March (n=3), May (n=3) and July (n=3) 2010
from  Xichuan  Wangnong  Muskrats  Breeding
Farm,  Beijing,  China.  The  muskrats  were
housed with one male and one female in one
enclosure.  All  the  animals  were  treated  in
accordance with the National Animal Welfare
Legislation. All experimental procedures were
carried out in accordance with the guidelines
established by the Beijing Forestry University.
After sacrifice, complete sets of testicular and
scented glandular tissues were obtained from
each male muskrat. The tissues were immedi-
ately fixed for 12 h in Bouin’s solution or 4%
paraformaldehyde  (Sigma  Chemical  Co.,  St.
Louis, MO, USA) in 0.05 M PBS, pH 7.4 for his-
tological and immunohistochemical studies.
Histology 
The testicular and scented glandular sam-
ples  were  dehydrated  in  ethanol  series  and
embedded in paraffin wax. Serial sections (4
μm) were mounted on slides coated with poly-
L-lysine (Sigma). Some sections were stained
with hematoxylin-eosin (HE) for observations
of general histology. The remaining sections
were processed for immunohistochemistry.
Immunohistochemistry
The  serial  sections  of  testes  and  scented
glands were incubated with 10% normal goat
serum to reduce background staining caused
by the second antibody. The sections were then
incubated with primary antibodies (1:500 or
1:1000) raised against bovine adrenal choles-
terol  side-chain  cleavage  cytochrome  P450
(P450scc),20 human  placental  3β-hydroxys-
teroid dehydrogenase (3βHSD)21 and porcine
testicular  17α-hydroxylase  cytochrome  P450
(P450c17)22 for 16 h at room temperature. The
antibody to 3βHSD was kindly supplied by Dr.
J.I.  Mason  (Edinburgh  University,  UK).
Antibodies against P450scc and P450c17 were
kindly supplied by Dr. M.J. Soares (University
of  Kansan  Medical  Center,  Kansas  City,  KS,
USA)  and  Dr.  D.C.  Johnson  (Department  of
Gynecology  and  Obstetrics  and  Physiology,
University of Kansas Medical Center, Kansas
City),  respectively.  The  sections  were  then
incubated with a secondary antibody in a rab-
bit ExtrAvidinTM staining kit (Sigma), includ-
ing goat anti-rabbit lgG conjugated with biotin
and peroxidase with avidin, followed by visual-
ization  with  30  mg  3,3-diaminobenzidine
(Wako, Tokyo, Japan) solution in 150 mL of
0.05 mol Tris-HCl l–1 buffer, pH 7.6, plus 30 μL
H2O2. Finally, positively staining sections were
counterstained  with  hematoxylin  solution
(Merck,  Tokyo,  Japan).  The  control  sections
were  treated  with  normal  rabbit  serum
(Sigma) instead of the primary antisera.
Results
Histology
Morphological observation of testicular and
scented glandular tissues were done in male
muskrat during the breeding season (Figure
1a). The histological conformations of testes
and scented glands were both observed in the
muskrats by hematoxylin-eosin (HE) staining
(Figure 1 b,c). The Leydig cells and spermato-
genic cells, including spermatogonia, primary
spermatocytes, round spermatids and elongate
spermatids in the seminiferous tubules were
identified in the testes of the muskrats collect-
ed in March, May and July 2010 (Figure 1b).
Glandular cells, interstitial cells and epithelial
cells of the excretory duct were observed in the
scented  gland  of  the  male  muskrat  using
hematoxylin-eosin (HE) staining. In the histo-
logical structure of scented glands, the epithe-
lial cells of the excretory duct were idntified,
interstitial cells were found in the connection
between the ducts and acini or among each
acinus,  and  glandular  cells  which  secreted
musk were the main cell type in the scented
gland of male muskrat collected in March, May
and July 2010 (Figure 1c).
Immunohistochemistry
Immunoreactivity for P450scc, 3βHSD and
P450c17 were present in both the testes and
scented  glands  of  the  muskrat  during  the
breeding seasons (Figure 2). P450scc, 3βHSD
and P450c17 were immunolocalized in Leydig
cells  of  all  testes  (Figure  2  a,b,c).  Immuno  -
reactivity for P450scc, 3βHSD or P450c17 was
not observed in the Sertoli or germ cells. The
intensities  of  the  immunohistochemical  sig-
nals for P450scc, 3βHSD and P450c17 did not
appear  markedly  different  among  the  testes
collected in March, May and July 2010. Positive
immunostainings  for  P450scc  and  P450c17
were  present  in  the  cytoplasm  of  glandular
cells of the scented glands during the breeding
season  (Figure  2  e,g).  Immunoreactivity  for
3βHSD was not found in the scented glands of
the  muskrats  in  March,  May  and  July  2010
(Figure 2f). No immunostaining was detected
in control sections of testes and scented glands
in which the primary antibody was substituted
with normal rabbit serum (Figure 2 d,h).
Discussion
To the best of our knowledge, this is the first
study  that  describes  immunolocalization  of
steroidogenic  enzymes  P450scc,  3βHSD  and
P450c17  in  testicular  and  scented  glandular
tissues  of  the  muskrat.  The  results  of  this
study demonstrated that P450scc, 3βHSD and
P450c17 were identified in the testes of the
muskrat, and P450scc and P450c17 were pres-
ent in the scented glands of muskrats during
the breeding season. These findings suggest
that both the testes and scented glands have
the ability to synthesize androgens, and andro-
gens  acting  via  an  endocrine,  autocrine  or
paracrine manner may have an important role
in  scented  glandular  function  during  the
breeding season.
In this study, P450scc, 3βHSD and P450c17
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Figure 1. Anatomic localization of the muskrat testes and scented glands, and the histolog-
ic structure of the testes and scented glands by hematoxylin-eosin (HE). a) The testes and
scented glands of the muskrat; b) The entire spermatogenic population from spermatogo-
nia (Spg) to spermatozoa (Spz) was observed in seminiferous tubule, c) Glandular cells of
acini, interstitial cells, and epithelial cells of large excretory duct were observed in the
scented gland; LC, Leydig cells; Spg, spermatogonia; pSpc, primary spermatocytes; rSpd,
round spermatids; eSpd, elongate spermatids; GC, glandular cells; EC, epithelial cells; IC,
interstitial cells; ED, excretory duct. Scale bars: 2 cm (a), 40 µm (b) and 60 µm (c).[European Journal of Histochemistry 2011; 55:e32] [page 179]
were only identified in Leydig cells during the
breeding  season.  These  results  suggest  that
the  synthesis  of  progestins  and  androgens
occurs in Leydig cells during the breeding sea-
son (both delta 4 and delta 5 C21 steroids).
These findings were similar to those observed
in other seasonal breeders such as stallions,23
sika deers24 and bank voles,25 which demon-
strated that Leydig cells were the predominant
sites  of  androgen  synthesis.  However,  other
studies of seasonal breeders, such as Hokkaido
brown bears,26Japanese black bears,27wild rac-
coon dogs,28 wild ground squirrels29 and bank
voles,30 showed  that  steroidogenic  enzymes
were not only identified in Leydig cells, but
also in spermatids during the breeding season,
indicating that both of Leydig cells and sper-
matids  had  ability  to  synthetise  androgen.
Therefore, the present results suggest that in
seasonal breeders, Leydig cells and spermatids
may exhibit different steroidogenic capacities
similar to other species.
In  this  study,  P450scc  and  P450c17  were
expressed  in  scented  gland  tissues  of  the
muskrats during the breeding season (March,
May  and  July),  showing  that  the  muskrat
scented  glands  are  potentially  an  important
extragonadal source of androgens. Our previ-
ous studies indicated that AR, P450arom and
ERs (ERα and ERβ) were present in scented
glandular  tissues  of  muskrats  during  the
breeding  season,  suggesting  that  estrogens
produced locally in the scented glands, acting
as an autocrine/paracrine factor through ERα
and ERβ, might play a role in the regulation of
scented  glandular  function.19 Together  with
our current results, we propose the existence
of a local autocrine and/or paracrine system of
androgens  and  estrogens  actions  in  scented
glands of muskrats. Androgens and estrogens
acting  via  endocrine,  autocrine  and/or
paracrine mechanisms may play an important
role  in  scented  gland  function  during  the
breeding season.
Generally, steroid production is regulated by
the relative levels and a tissue-specific array of
steroidogenic enzymes. Steroidogenic organs
may exhibit functional zonation or compart-
mentalization.31 Interestingly,  the  present
study showed that 3βHSD was not found in
scented gland tissues of muskrats during the
breeding season, indicating that the muskrat
scented glands were incapable of converting
pregnenolone  to  progesterone  or  dehy-
droepiandrosterone to androstenedione. In our
present study however, P450c17 was identified
in glandular cells of scented glands and previ-
ous research identified P450arom in scented
gland  tissues,19 implying  that  the  scented
glands have the capacity to synthesize testos-
terone and estrogen. Thus, it is possible the
progesterone or androstenedione, as a precur-
sor  of  testosterone  and  estrogen,  is  synthe-
sized by the testes or adrenal glands of the
muskrats. The characteristic of compartmen-
talization is not unique to scented glands of
muskrats,  similar  observations  have  been
found in other extragonadal tissues, such as
placentae  of  the  Japanese  Shiba  goat  and
equine fetal adrenal glands. In the Japanese
Shiba goat, due to a lack of a placental 3βHSD
expression, androgen synthesis from placental
P450c17 expression relied on androgens syn-
thetised by 3βHSD which was expressed in the
maternal ovaries.32 The source of progesterone
as a precursor of androgen synthesis in equine
fetal adrenal glands, was supplied by the fetal
gonads or placenta since 3βHSD was absent
from the equine fetal adrenal glands.33 Taken
together, this suggests that the present results
are comparable with the broader concept that
steroid  hormone  synthesis  is  a  complex
process,  involving  the  activity  of  several
enzymes and sometimes interactions among
several tissues.34
In  summary,  the  present  results  show  for
the first time that there are clear functional
distinctions in terms of steroidogenic capacity
in  the  testes  and  scented  glands  of  the
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Figure 2. Immunolocalization of P450scc, 3￿HSD and P450c17 in the muskrat testes and
scented glands during the breeding season. P450scc was identified in Leydig cells of testes
(a) and glandular cells of scented glands (e); immunostaining for 3￿HSD was only found
in Leydig cells (b), but not in glandular cells (f); immunostaining for P450c17 was pres-
ent in Leydig cells (c) and glandular cells (g); No immunostaining was detected in control
Leydig cells (d) or glandular cells (h) sections in which normal rabbit serum was used
instead of primary antibody. LC, Leydig cells; GC, glandular cells. Scale bar: 40 µm.[page 180] [European Journal of Histochemistry 2011; 55:e32]
muskrat. P450scc, 3βHSD and P450c17 were
expressed  in  Leydig  cells  and  P450scc  and
P450cl7 were expressed in scented glandular
tissue, which suggests that the steroid synthe-
sis  in  the  muskrat  requires  cooperation
between tissues and tissues expressing differ-
ent steroidogenic enzymes to promote normal
levels of steroid hormones synthesis for the
maintenance of testicular and scented glandu-
lar  functions.  However,  the  current  data
demonstrate  that  their  expression  was  still
very distinct and region specific at the cellular
level. The purpose of this compartmentaliza-
tion of steroidogenic enzymes at the tissue or
cell levels remains to be discovered, and the
continued  study  of  the  muskrat  testes  and
scented  glands  will  provide  a  useful  animal
model for studying this and other aspects of
androgen and estrogen synthesis.
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